The mechanism of the cathodic reaction in acetic acid corrosion of iron and API X65 mild steel was investigated in mildly acidic sodium chloride electrolytes. The behavior of the charge transfer controlled currents in the steady state voltammograms showed that undissociated acetic acid is not significantly electroactive. This behavior was found to be in accordance with the so-called "buffering effect" mechanism, where acetic acid acts solely as an additional source of hydrogen ions. The increased limiting currents in the presence of acetic acid showed a linear correlation with undissociated acetic acid concentration in agreement with the Levich equation, suggesting that the limiting currents are under mass transfer control. Both pure iron and X65 steel exhibited a similar behavior regarding the cathodic currents, indicating that the mechanism of hydrogen ion reduction is not influenced by minor impurities present in the X65 steel.
INTRODUCTION
The mechanisms of cathodic reactions in aqueous corroding systems and the presence of weak acids have been the subject of numerous studies. [1] [2] [3] [4] [5] [6] [7] [8] Carbonic acid, hydrogen sulfide, and organic acids are the most common weak acids found in oil and gas production, transmission, and processing infrastructure. It is well known that corrosion rate in the presence of these weak acids is significantly higher when compared to strong acids at the same pH. [9] [10] Therefore, a mechanistic understanding of the role of these weak acids in increasing the corrosion rate is crucial for accurate corrosion rate estimation and, thus, for effective corrosion mitigation strategies.
Reports on the significance of organic acids in corrosion of pipeline steel can be found as early as the 1940's. 11 It was suggested that small concentrations of organic acids (300 mass ppm) can cause severe corrosion of pipeline steel. 11 At the same time, studies on the formation water composition found in oil and gas wells reported organic acid concentrations in the range of several hundred milligrams per liter. [12] [13] [14] Because of its prevalence, 15 the effect of acetic acid (HAc) on mild steel corrosion has frequently been studied as the representative organic acid. [15] [16] [17] [18] [19] [20] The partial dissociation of weak acids has generally been considered to be the main factor responsible for the increased corrosion rates. Unlike strong acids, weak acids only partially dissociate in an aqueous solution. Hence, the dissolved weak acid is present in both its dissociated and undissociated forms. This chemical equilibrium for acetic acid is shown by Reaction (1):
Reaction (1) is mathematically described by Equation (2) , where K HAc is the corresponding equilibrium constant, i.e., 1.75 × 10 −5 (M) at 25°C.
The effect of acetic acid on the corrosion of mild steel has been extensively studied. 2, [15] [16] [17] [21] [22] [23] [24] [25] [26] Based on an analogy with other weak acids, such as carbonic acid and hydrogen sulfide, the increased corrosion rates in the presence of acetic acid were conventionally associated with the electroactivity of the undissociated acetic acid. 22, 25, [27] [28] [29] [30] [31] Garsany, et al., 21 studied the reduction reactions of sodium chloride solutions containing acetic acid and carbon dioxide on platinum and API X65 mild steel electrodes. The reported limiting currents were found to correspond with the mass transfer of acetic acid. However, the authors suggest that the underlying charge transfer process cannot be distinguished from that of hydrogen ion reduction at such conditions because of the fast kinetics of acetic acid dissociation. The authors also reported a double wave in their voltammograms obtained on X65 mild steel in acetic acid containing solutions. It was suggested that both waves are a result of the reduction of acetic acid, while the rate limiting process is different. That is, the first wave is caused by charge transfer limitation, probably a result of a change in the reaction mechanism, and the second wave is the mass transfer limitation of the electroactive species. 21 In 2007, George and Nešić 22 studied the effect of acetic acid on the carbon dioxide corrosion of mild steel using a series of potentiodynamic sweeps and corrosion rate data. It was reported that the observed corrosion rates significantly increased in the presence of acetic acid, which was found to be more profound at higher temperatures (60°C). Therefore, authors concluded that the undissociated acetic acid was directly reduced at the metal surface. 22 Using a similar approach, Okafor, et al., 28 studied the effect of acetic acid on carbon dioxide corrosion in an extended temperature (up to 80°C) and acetic acid concentration (5,000 mass ppm) ranges. The authors concluded that undissociated acetic acid was directly reduced and further proposed a reaction mechanism that included a surface dissociation of adsorbed acetic acid followed by an electron transfer reaction. 28 A generally similar argument and experimental approach, leading to the same conclusion (direct acetic acid reduction), is frequent in the literature. 15, 17, 25, 30, 32 This corrosion mechanism presumes two parallel cathodic reactions, namely, hydrogen ion reduction (Reaction [3] ) and acetic acid direct reduction (Reaction [4] ). This reaction pathway is referred to as the "direct reduction" mechanism. 2, 33 
The development of comprehensive mathematical models in the early 2000's provided the opportunity for detailed quantitative analysis of the water chemistry inside the diffusion layer. 5, [34] [35] [36] This included the ability to account for the effect of homogeneous reactions related to the presence of weak acids on the chemistry of the solution adjacent to the metal surface. These studies showed that the undissociated weak acid not only buffers the bulk solution, but can also act as a reservoir of hydrogen ions at the metal surface as they are consumed during the corrosion process. 5, 33, 35, 37 In mildly acidic environments, the decay of the surface hydrogen ion concentration as a result of its consumption by the corrosion process plays a significant role in limiting the corrosion rate. [38] [39] In strong acid solutions, mass transfer from the bulk is the only means of supplying the hydrogen ions to the surface. However, the presence of undissociated weak acids provides an additional source of hydrogen ions through the dissociation reaction. This is a result of the shift in the equilibrium by decreased hydrogen ion concentration (Reaction [1] ). Therefore, the hydrogen ion concentration at the metal surface is buffered, which in turn results in increased corrosion rates under such conditions. Over the last decade, the ability of weak acids (such as acetic acid and carbonic acid) to buffer the surface pH was emphasized to the extent that suggests the direct reduction of the undissociated acid does not have a significant role in the increased corrosion rates. In 2011, Amri, et al., studied the effect of acetic acid on the top of the line corrosion of mild steel. 26 The authors reported that at conditions where the corrosion current was under charge transfer control, the presence of acetic acid had no significant influence on the corrosion rate, concluding that the undissociated acetic acid was not electrochemically active. 26 In 2013, Tran, et al., 2 investigated the mechanism of steel corrosion in the presence of acetic acid in more detail. The authors suggested using stainless steel as a more noble electrode material in order to remove the interference by the iron dissolution reaction. This resulted in voltammograms with charge transfer cathodic currents over a wider potential range. The reported results in that study indicated a clear Tafel behavior of the cathodic currents, as the signature of pure charge transfer control. Furthermore, the charge transfer controlled currents showed no significant response to increasing concentrations of acetic acid up to 1,000 ppm (mass). Therefore, it was concluded that direct reduction of acetic acid was insignificant. The reasoning behind this argument is discussed later in detail. These recent studies suggest that the only cathodic reaction involved in the corrosion process is the hydrogen ion reduction, while the role of acetic acid is buffering the hydrogen ion concentration through the dissociation reaction. [1] [2] 40 This reaction mechanism is referred to as the "buffering effect" mechanism.
1-2,33,40
In the discussion above, the buffering effect and direct reduction are not two mutually exclusive mechanisms; rather, they can be seen as two possible pathways for the hydrogen evolution reaction. Note that the direct reduction mechanism is related to the electroactivity of the undissociated weak acid, while the buffering effect mechanism is related to the dissociation of the weak acid inside the diffusion layer. Nevertheless, as discussed in this short review, the relative significance of these two reaction pathways for acetic acid has been disputed. [1] [2] 26, 40 These two mechanisms (direct reduction and buffering effect) are compared in Figure 1 , where their corresponding hypothetical polarization curves are illustrated for two extreme cases. The first case ( Figure 1 [a]) shows the condition where the weak acid is electrochemically active and is directly reduced, while it has no buffering ability. The second case is the condition where the weak acid is not electroactive and the only cathodic reaction is the hydrogen ion reduction, while the weak acid can readily dissociate to buffer the surface pH ( Figure 1[b] ). The governing mechanism of the cathodic reaction in the presence of a weak acid can be differentiated by the behavior of the cathodic voltammograms at various undissociated weak acid concentrations and at a constant pH, as shown in Figure 1 . Depending on the chemical and electrochemical properties of a weak acid, different characteristic polarization behavior is expected, both in the mass transfer controlled and charge transfer controlled currents.
For the first case ( Figure 1[a] ), the weak acid reduction and hydrogen ion reduction are two independent electrochemical reactions. Therefore, a "double wave" in the mass transfer controlled currents of the polarization curves can be observed in a certain concentration range of the weak acid. This behavior stems from two distinct limiting currents, one for hydrogen ion reduction and the other for weak acid direct reduction. Hydrogen sulfide is an example of one such weak acid, where a double wave similar to what is schematically shown in Figure 1 (a) was observed. 3, [6] [7] 41 This double wave was shown to be associated with the mass transfer limiting currents of hydrogen ion reduction and hydrogen sulfide direct reduction. 3 While the presence of the double wave is a strong indication of the weak acid direct reduction, its absence is not conclusive evidence for dismissing this reaction. The latter can be the case where the weak acid is also a strong buffer, i.e., it can readily dissociate. In such conditions, regardless of the electroactivity of the weak acid, the limiting current behavior is similar to that of the second case, as shown in Figure 1(b) . Here, the electrochemical activity of a weak acid can be investigated based on the characteristic behavior of the charge transfer controlled currents for the two cases discussed above. This concept is also illustrated in Figure 1 by showing the distinct behavior of the charge transfer currents at different weak acid concentrations. In the case where the direct reduction of the weak acid is significant, the charge transfer controlled cathodic current (in the area denoted by the box in Figure 1 ) should increase at higher weak acid concentrations, as depicted in Figure 1(a) . On the other hand, when the weak acid is not electrochemically active, and hydrogen ions are the only reducible species, the charge transfer controlled current should remain unaffected by the change in weak acid concentration, as shown in Figure 1(b) .
The main obstacle in verification of these two hypothetical behaviors is related to the difficulty in observing the pure charge transfer controlled cathodic currents in typical corrosion experiments. 16, 22, 25, 28 This is a result of the interference of the iron dissolution reaction, which obscures the cathodic currents in the potential range where they are under charge transfer control. As mentioned, this issue has been addressed in the studies of Tran, et al., 2, 40 by using stainless steel electrodes. However, considering the effect of the alloying compounds (∼20 wt% Cr and 10 wt% Ni 2 ) and the passive layer on the electroactivity of the metal surface, possibly changing the mechanism of the cathodic reactions, the experimental findings on stainless steel should not be considered valid for mild steel without further verification.
Using an improved experimental apparatus, the present research investigated this hypotheses using pure iron and X65 steel electrodes in order to directly verify the mechanism proposed by Tran, et al., 2 without the complicating effect introduced by using a stainless steel electrode.
MATERIALS AND METHODS
All experiments were conducted using a conventional 2 L, three-electrode glass cell. A saturated Ag/AgCl reference electrode was connected to the cell through a Luggin capillary. The counter electrode was a platinum wire with significantly higher surface area than the working electrode. The working electrodes were made from 99.99% pure iron or X65 steel (see Table 1 for the chemical composition). These electrodes were 5 mm in diameter, press fit into PTFE rotating disk electrode (RDE) holders. Each electrode was initially abraded using 1000 grit silicon carbide paper and then mirror polished using successively finer silicon suspensions down to 0.25 μm. Electrodes were then rinsed and sonicated in isopropanol and further electrochemically cleaned prior to each test with a series of decreasing magnitude galvanic steps (±5 A/m 2 , ±2 A/m 2 , and ±1 A/m 2 ) in the study solution. Each step was 60 s long, followed by 120 s rest at zero current. Finally, the electrode was left at open-circuit potential (OCP) for 20 min before potential sweep measurement was taken. This electrochemical cleaning procedure was devised based on the thermodynamic stability of the iron oxide layer, 42 and implemented in order to enhance the removal of any iron oxide layer that may have formed during electrode preparation. Considering the reported iron/iron oxide Pourbaix diagrams in aqueous environments, 42 iron (III) oxide is thermodynamically unstable in the pH and the potential range of the present study. Therefore, the oxide layer is spontaneously reduced to ferrous ions, which can be further kinetically enhanced by polarizing the electrode cathodically. On the other hand, the anodic polarizations were considered to minimize the adsorption/absorption of the hydrogen atoms that are produced during the cathodic polarization, knowing that the formation of any solid products during this step is thermodynamically infeasible at the conditions of the present study. Figure 2 demonstrates the polarization behavior of an iron electrode during this cleaning process.
The potential sweep measurements were conducted at 1 mV/s scan rate. The voltammograms reported in the present study were corrected for ohmic drop using the solution resistance obtained at high-frequency range electrochemical impedance measurements obtained after each potential sweep measurement.
The supporting electrolyte was 1 wt% NaCl in deionized water, and was used throughout this study. The acetic acid concentrations reported in the present work are the amount of the acid added into the solution, which correspond to the total concentration of acetate species. After adding the desired amount of acetic acid, the pH was adjusted using dilute NaOH or HCl solutions as required. Finally, the electrolyte was deaerated by purging the solution with nitrogen gas for at least 120 min prior to inserting the working electrode.
As noted, the acetic acid concentration reported in the present study is the sum of its dissociated and undissociated forms, or in other words, the total concentration of acetate species (C t ). The concentration of undissociated acid at a known pH can be calculated based on Equation (2) and mass conservation, as follows:
Equation (5) suggests that at pH 4, 85% of the total acetic acid in the solution is in undissociated form, while at pH 5, this value decreased to 36%. A summary of the experimental conditions can be found in Table 2 .
RESULTS AND DISCUSSION
The voltammograms reported in Figures 3 and 5 show that using RDE working electrodes with high rotation speed enabled observation of Tafel behavior for the cathodic reaction by increasing the mass transfer limiting current. The steady state voltammograms obtained at pH 4 and pH 5 on iron electrodes are shown in Figure 3 . The charge transfer controlled cathodic currents observed in Figure 3 show no significant variation at different acetic acid concentrations. This behavior was in accordance with the buffering effect mechanism, as shown in Figure 1(b) , which is a similar behavior as reported by Tran, et al., on stainless steel electrodes. 2 The only apparent discrepancy between the hypothesized and observed behavior was seen at pH 5 in the absence of acetic acid, where significantly lower cathodic currents were observed. This was a result of mass transfer controlled current over the entire cathodic range of potentials in this particular condition. On the other hand, the anodic branches of the voltammograms shown in Figure 3 were shifted toward lower current densities as the concentration of acetic acid was increased. This same behavior has been reported in the literature, suggesting that acetic acid slightly retards the iron dissolution reaction. 15, [25] [26] The OCPs reported in Figure 3 were also slightly shifted toward more positive potentials with increasing acetic acid concentrations. This was found to be in accordance with the above discussion, where the charge transfer controlled cathodic currents in the vicinity of OCP were not affected by increased acetic acid concentrations, while the anodic currents were slightly inhibited at higher acetic acid concentrations. Therefore, their intersect (OCP) was expected to slightly shift toward more positive potentials with increased acetic acid concentrations, a similar behavior as observed in Figure 3 .
The comparison of limiting currents in Figures 3(a) and (b), where no acetic acid was present, showed an order of magnitude increase with decreasing pH from 5 to 4. That was the behavior expected from Levich equation describing the mass transfer limiting current density (i lim A/m 2 ) for an RDE 43 with conversion to SI units:
where C b (M) is the bulk concentration of the reactant and D (m 2 /s) is its diffusion coefficient, ν (m 2 /s) is the kinematic viscosity of the solution, ω (rad/s) is angular velocity, F (C/mol) is Faraday's constant, and n is the number of electron transferred. Figure 4 shows the increase of the limiting current in the presence of acetic acid versus the concentration of the undissociated acetic acid in a log-log plot. Considering that the slope of the trendline in this graph is nearly unity (1.02), the increase of the limiting current resulting from the presence of acetic acid was in linear correlation with the concentration of undissociated acetic acid (R 2 = 0.996), regardless of the bulk pH. Furthermore, the intercept of the trendline (3.98) was found to agree well with the theoretically obtained value of 4.01 from Levich equation (Equation [6] ) (diffusion coefficient and water kinematic viscosity from Nordsveen, et al. 5 ). This agreement indicated that the measured limiting currents are under pure mass transfer control; thus, the surface concentration of undissociated acetic acid was negligibly small. The latter further suggests that the kinetics of the proceeding acetic acid dissociation reaction (Reaction [1] ) is not rate determining. Figure 5 shows the voltammograms obtained on X65 steel electrode. A similar behavior of the limiting current with respect to both pH and undissociated weak acid concentration was observed on X65 steel as that of iron electrodes. The pure charge transfer controlled currents for the cathodic reactions on X65 steel were also not significantly affected by acetic acid concentration, in accordance with the buffering effect mechanism. The slightly retarded anodic currents and the behavior of the OCP with increasing concentrations of acetic acid on X65 steel were also similar to that seen on iron electrodes.
The cathodic currents observed on pure iron and X65 steel in acid solution and the presence of acetic acid are directly compared in Figure 6 . A similar limiting current was observed on both X65 steel and pure iron, as expected. Additionally, the charge transfer controlled currents showed similar behavior for both metals, suggesting that the mechanism of the hydrogen evolution reaction from hydrogen ions and water was the same on pure iron and X65 steel. However, the cathodic currents of the hydrogen ion reduction, as well as water reduction on X65 steel, are higher than that observed on iron. This suggests X65 mild steel is a more active catalyst for these reactions, which is in accordance with the behavior previously reported on the iron electrodes containing alloying impurities by Bockris and Drazic. 44 An example of the repeatability of the cathodic polarization measurements is shown in Figure 7 for both pure iron and X65 electrodes at pH 5 in the presence of acetic acid. The error bars represent the standard deviation of the current density at selected potentials for at least three measurements. Generally a similar variation range was observed throughout the measurements, while the reproducibility was slightly decreased in higher pH values and higher acetic acid concentrations. 
CONCLUSIONS
v The behavior of cathodic currents on pure iron and X65 mild steel in mildly acidic sodium chloride solutions containing acetic acid was investigated. The pure charge transfer controlled cathodic currents observed in the experimental data showed no significant response to increasing acetic acid concentration, indicating that direct acetic acid reduction was not significant at the conditions covered in this study. The increase in the limiting current density in the presence of acetic acid was in linear correlation with undissociated acetic acid concentration, as expected from the Levich equation, suggesting that the surface concentration of this species is negligible at limiting currents. The similar cathodic behavior observed on pure iron and X65 mild steel suggests that the mechanism of the hydrogen evolution reactions was the same on both surfaces. FIGURE 7. Repeatability of the polarization curves at pH 5, 8.30 mM total acetate concentration, 25°C, 2,000 rpm RDE, and 1 wt% NaCl on pure iron (blue diamonds) and X65 mild steel (green squares) at selected potentials. Error bars represent the standard deviation of at least three measurements.
